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Atopic dermatitis (AD) is a chronic, relapsing inflammatory disorder that requires long-term treatment to
achieve optimal control. Topical corticosteroids or calcineurin inhibitors are the mainstay of treatment,
but the safety and efficacy of their daily use remain a concern. Here, we report a double-layered poly
(lactic-co-glycolic acid) (PLGA)/sodium hyaluronate (HA) microneedle (MN) patch as a long-acting formu-
lation for sustained delivery of natural polyphenols, curcumin (CUR) and gallic acid (GA), into the inflamed
skin. Upon insertion into the skin, the HA layer is rapidly dissolved within 5 min for triggering GA release;
the PLGA tip is embedded into the dermis for sustained release of CUR for 2 months. Initially, CUR and
GA are simultaneously released from the MNs to exert synergistic antioxidant and anti-inflammatory
effects, thus promptly relieving AD symptoms. After the complete release of GA, the extended CUR
release can maintain the improvement obtained for at least 56 days. Our results revealed that compared
with the CUR-only MN and untreated AD groups, the administration of CUR/GA-loaded MNs not only
rapidly reduced the dermatitis score from Day 2 but also significantly inhibited epidermal hyperplasia and
mast cell accumulation, reduced serum IgE and histamine levels, and downregulated reactive oxygen
species production in the skin lesions of Nc/Nga mice on Day 56. These findings demonstrated that the
double-layered PLGA/HA MN patch can serve as an effective dual-polyphenol delivery system for rapid
and long-term management of AD.
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1. Introduction

Atopic dermatitis (AD), a common, chronic relapsing inflam-
matory skin disease, affects 15%-20% of children and 10% of
adults worldwide, making it the 15th most common nonfatal
disease.” The clinical features of AD include skin dryness,
recurrent eczematous skin lesions, and intense pruritus.>? Its
pathogenesis is characterized by biphasic T-cell polarization,
with increased T helper type 2 (Th2) cell infiltration in the
acute phase and a switch from a Th2- to Thi-type immune
response in chronic AD.*
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tElectronic supplementary information (ESI) available: Two types of stainless
steel master structures (Fig. S1) used to make inverse PDMS molds for preparing
the double-layered MNs; detailed AD induction protocols (Fig. S2) for Nc¢/Nga
mice; transepidermal water loss (TEWL) from the mouse skin after MN appli-
cation (Fig. S3); free radical-scavenging activity of GA/AA in the HA layer and
CUR in the PLGA tip before and after storage at 25 °C for 4 weeks (Fig. S4); body
weight changes of Nc/Nga mice during induction and treatment periods
(Fig. S5). See DOI: https://doi.org/10.1039/d3bm00182b
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Compared with normal skin, acute AD lesions exhibit over-
expression of Th2 cytokines, especially interleukin (IL)-4, IL-5,
and IL-13.>° These cytokines activate B cells to produce
immunoglobulin (Ig) E, which stimulates mast cells to release
histamine, thus causing allergic symptoms.”® In chronic AD,
skin lesions are characterized by Th1 activation or a mixed
Th1/Th2 profile, associated with elevated IFN-y expression.” "
The histological features of chronic AD observed include
marked epidermal hyperplasia, prominent hyperkeratosis, and
intense mononuclear infiltrates.®

Oxidative stress may also play a vital role in AD pathogen-
esis. In the human body, oxidative stress occurs when the pro-
duction of oxidants, including reactive oxygen species (ROS)
and free radicals, exceeds antioxidant defense capacity.'*"?
Oxidative stress can induce the release of proinflammatory
cytokines, thereby enhancing dermal inflammation and
histamine release. Additionally, high cellular ROS levels
increase IL-4 production, which promotes the longevity of
Th2-mediated immune responses, thus aggravating AD
symptoms.™*

Only a few drugs have been approved for treating chronic
inflammatory skin disorders. Topical corticosteroids and
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topical calcineurin inhibitors are the first-line medications,
but topical formulations have poor deep-tissue penetration
owing to not only the stratum corneum barrier but also epider-
mal hyperplasia during AD. Chronic or frequent corticosteroid
use leads to resistance.’*” Additionally, topical immunosup-
pressants may induce skin malignancy or lymphoma.'®'®
Therefore, a safer and more effective alternative is urgently
required for the long-term treatment of patients with AD.
Natural polyphenols, commonly found in herbs, vegetables,
and fruits, have potent antioxidant and anti-inflammatory
activities that may be useful in preventing and treating neuro-
degenerative, cardiovascular, and inflammatory diseases.”®*"
Phenolic compounds can alleviate chronic inflammation by
restoring the redox balance to counteract oxidative stress and
modulating inflammatory responses by suppressing proin-
flammatory pathways.>"?> These findings suggest that they

Skin Insertion HA Dissolving

View Article Online

Biomaterials Science

may be useful in AD treatment. In this study, we developed a
double-layered poly(lactic-co-glycolic acid) (PLGA)/sodium hya-
luronate (HA) microneedle (MN) patch for the effective and
sustained delivery of hydrophobic and hydrophilic polyphe-
nols, curcumin (CUR) and gallic acid (GA), into the skin. We
investigate whether our MN patch can serve as a long-acting
transdermal delivery system of polyphenols for the long-term
control of AD and whether codelivery of CUR and GA into the
skin can exhibit a synergistic effect for ameliorating AD
symptoms.

The double-layered MN patch comprised a CUR-loaded
PLGA tip and a HA base layer containing GA and a stabilizer [1-
ascorbic acid (AA)] that protected GA from degradation (Fig. 1).
The dual-drug-loaded MNs were connected to a HA supporting
structure, which can provide extra length to insert the MNs
into deeper skin layers. Upon insertion into the skin, the HA
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Fig. 1 Schematic illustration of a double-layered poly(lactic-co-glycolic acid) (PLGA)/sodium hyaluronate (HA) microneedle (MN) patch as a long-
acting polyphenol delivery system for rapid and long-term management of atopic dermatitis (AD). Upon insertion into the skin, the HA layer is rapidly
dissolved within 5 min for triggering gallic acid (GA) release; the PLGA tip is embedded into the dermis for sustained release of curcumin (CUR) for
2 months. Codelivery of CUR and GA into the skin can exhibit synergistic antioxidant and anti-inflammatory effects to inhibit oxidative stress-
induced proinflammatory cytokine production and ameliorate AD symptoms. ROS: reactive oxygen species; IFN-y: interferon-y; IL-4: interleukin 4;

IL-5: interleukin 5; IL-13: interleukin 13.
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layer is dissolved by the skin’s interstitial fluid within 5 min to
trigger GA rapid release; the PLGA tip then becomes
embedded into the dermis for sustained release of CUR
through PLGA degradation. We hypothesized that coadminis-
tration of the two polyphenols initially would provide quick
symptomatic relief and that extended delivery of low-dose CUR
would maintain the therapeutic effect and reduce dosing fre-
quency, thus achieving long-term AD management.

In this study, we explore the skin insertion and embedding
ability of the PLGA/HA MN, its in vitro drug release behavior,
and the effect of MN degradation on drug release. We evalu-
ated the feasibility of using CUR/GA-loaded MNs as a long-
acting formulation to ameliorate AD pathology in Nc¢/Nga mice
by scoring dermatitis symptoms and evaluating changes in epi-
dermal thickness, mast cell count, serum histamine and IgE
levels, and ROS and cytokine concentrations in the skin tissue.
Finally, these effects were compared with those of the CUR-
loaded (i.e. CUR-only) MN group to investigate whether the
coadministration of CUR with GA produces a synergistic anti-
inflammatory effect.

2. Materials and methods
2.1. Animals, materials, and reagents

We obtained 9-12-week-old female Nc/Nga mice from the
RIKEN BioResource Center (Tsukuba, Japan). HA with a mole-
cular weight (MW) of 7 and 250-500 kDa were purchased from
Bloomage Biotechnology (Jinan, China) and Shandong Freda
Biotechnology (Shangdong, China), respectively. PLGA (p,i-
lactide : glycolide = 75:25, inherent viscosity = 0.19 dL g™%),
polyvinyl alcohol (PVA, MW = 6 kDa), and polyvinylpyrrolidone
(PvP, MW = 10 kDa) were purchased from Green Square
Material (Taoyuan, Taiwan), Polysciences (Warrington, PA,
USA), and Sigma-Aldrich (St Louis, MO, USA), respectively.
CUR and GA were purchased from Acros Organics (NJ, USA).
Stainless steel master structures of MNs and supporting struc-
tures were produced by Hong-Da Precision Industry (New
Taipei City, Taiwan).

2.2. Ethics statement

All animal experiments were conducted in accordance with the
guidelines of the Laboratory Animal Center of National Cheng
Kung University (NCKU) and approved by the Institutional
Animal Care and Use Committee of NCKU (approval no.:
108069).

2.3. Fabrication of CUR/GA-loaded PLGA/HA microneedles

The CUR/GA-loaded PLGA/HA MNs were fabricated by integrat-
ing the CUR-loaded PLGA tip and the GA-loaded HA support-
ing patch (Fig. 2). Two types of stainless steel master structures
(Fig. S1t) were used to make inverse polydimethylsiloxane
(PDMS) molds for preparing the double-layered MNs.

First, CUR (30 mg) was dissolved in 1 mL of ethyl acetate,
and PLGA powder (200 mg) was subsequently added and
stirred for 1 h. To make the CUR-loaded tip, the obtained
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mixture (190 pL) was added onto the PDMS mold surface and
then centrifuged in a swinging bucket rotor (Z326K, Hermle
Labortechnik, Germany) at 3880g for 5 min at 10 °C. After
removal of the excess solution on the mold surface, the mold
was centrifuged again without sealing the centrifuge tube caps
for drying at 10 °C for 90 min and then placed overnight in an
oven at 37 °C. A polylactic acid pressing tool was used to push
the filled PLGA further into the mold cavities to form the CUR-
loaded tip.

A HA gel containing drugs was prepared to fabricate the
GA-loaded HA supporting patch. First, GA (180 mg), AA
(180 mg), and HA (3 g, weight ratio of 7:250-500 kDa = 2:1)
were dissolved in deionized (DI) water. After freeze-drying,
3 mL of DI water was added to the obtained HA sponge to
produce the HA gel (47 wt%) containing GA and AA. The gel
(approximately 50 mg) was placed on the PDMS mold surface
and covered with a polytetrafluoroethylene plate. A universal
testing machine (AGS-500NX, Shimadzu, Japan) was used to
apply a compression force of 100 N on the polytetrafluoroethyl-
ene plate for 60 s to fill the gel in the mold. After the gel that
remained on the mold surface was removed, the mold was
dried in an oven at 37 °C for 5 min. The filled gel was further
pushed into the bottom of the mold cavities using the PLA
pressing tool. Subsequently, the same filling process was
repeated twice to compress a 50 wt% HA gel without drugs
into the mold. Finally, a 50 wt% PVA/PVP aqueous solution
(20 mg, weight ratio of PVA/PVP = 1: 1) was filled into the mold
under vacuum (10 cmHg) for 5 s, and the solution that
remained on the mold surface was scraped off. The PVA/PVP
solution was added to the mold to form a patch. The mold was
dried in a 37 °C oven overnight, and the GA-loaded HA sup-
porting patch was then peeled off from the mold gently.

To combine the CUR-loaded PLGA tip with the GA-loaded HA
supporting patch, the HA gel (50 wt%, 20 mg) was compressed
into the PLGA-filled mold under a compression force of 50 N for
10 s. The excess gel on the mold surface was removed.
Subsequently, the HA supporting patch was aligned and inserted
into the mold cavities manually under a stereomicroscope for
combining with the PLGA tip. The PLGA/HA MNs were peeled off
from the mold after drying overnight in the 37 °C oven.

2.4. Invitro and in vivo skin insertions

The MNs were inserted into the porcine cadaver skin or mice
skin for 5 min by using a custom-made applicator, which
applied insertion forces of 10 and 8 N/patch for porcine and
mice skin, respectively. For the in vivo insertion test, the dorsal
hair of the mice was shaved first. At the indicated time points,
the mice were sacrificed, and the MN-inserted skin was excised
for histological and confocal microscopic analyses. Two-
dimensional (2D) and three-dimensional (3D) confocal recon-
struction images were created through xyz stack acquisition to
observe drug distribution in the skin.

2.5. Quantification of drug loading in microneedles

To determine the CUR loading amount, MNs were dissolved in
2 mL of ethyl acetate with stirring for 2 days. The resulting
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Fig. 2 Schematic illustration of the fabrication process of the CUR/GA-loaded PLGA/HA MN, which was fabricated by integrating the CUR-loaded

PLGA tip and the GA-loaded HA supporting patch.

solution was centrifuged at 22 370g for 5 min at 15 °C to
remove the precipitate. The supernatant was collected, and the
CUR content in the extract was determined using a UV-Vis
spectrophotometer at 418 nm.>*

To measure the GA loading amount, the HA supporting
patch was dissolved in 1 mL of high-performance liquid
chromatography (HPLC) mobile phase, comprising 1% acetic
acid aqueous solution and acetonitrile (90 : 10, v/v), and stirred
for 20 min. The obtained solution was then centrifuged at
22 370g for 10 min, and the supernatant was analyzed using
HPLC. The HPLC system was equipped with a reverse phase
C18 analytical column, and the flow rate of the mobile phase
was set as 0.7 mL min~". The column temperature was main-
tained at 28 °C, and the UV detection wavelength was set at
272 nm.**

2.6. Determination of drug delivery efficiency of
microneedles

After MN insertion for 5 min, the patch was removed from the
porcine cadaver skin and then dissolved in ethyl acetate or DI
water to extract the remaining drugs. The skin was tape-
stripped 20 times using 3 M adhesive tapes to collect the drugs

4998 | Biomater. Sci., 2023, 11, 4995-50T1

remaining on the skin surface. The tapes were then cut into
small pieces and soaked in ethyl acetate or DI water to recover
the drugs. The amounts of CUR and GA extracted from the
patches or tapes were analyzed as described in Section 2.5.
The efficiency of drug delivery into the skin was calculated

using eqn (1):

(Dmicroneedles - Dtape - Dpatch)

% drug delivery efficiency =

Dnicroneedles

x 100
(1)

where Dpjicroneedies) Deape aNd Dpaen are the drug amounts in the
MN, on the tape, and on the patch, respectively.

2.7. Invitro drug release

To evaluate in vitro CUR release profiles, MN patches were
immersed in 4 mL of phosphate-buffered saline (PBS) contain-
ing 1% (v/v) tween 20. The samples were incubated in a
shaking water bath with a shaking speed of 100 rpm at 37 °C.
At predetermined time intervals, the release medium (2 mL)
was sampled for UV-Vis analysis, and fresh release medium
(2 mL) was immediately added to maintain the original

This journal is © The Royal Society of Chemistry 2023
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volume. To observe MN degradation, the MN sample was col-
lected at specific time points for scanning electron micro-
scopic examination.

In vitro GA transdermal delivery was evaluated using a
Franz diffusion cell with a permeation area of approximately
0.66 cm®. After the MN was inserted into the porcine cadaver
skin, the treated skin was cut in circles of 1.2 cm radius and
clamped between the donor and the receptor chamber of the
Franz diffusion cell. The receptor chamber was filled with
5 mL of PBS solution and stirred at 300 rpm. Because normal
skin surface temperature is approximately 32 °C,*® the Franz
diffusion cell was maintained at 32 + 1 °C through thermo-
static bath circulation.*®*” At specific time points, PBS in the
receptor medium was collected and replaced with an equal
volume of fresh medium. All collected samples were analyzed
using HPLC, as described in Section 2.5, to determine the
amount of released GA.

2.8. Induction of AD-like skin lesions in Nc/Nga mice and
microneedle treatment

Nc/Nga mice were anesthetized, and their back hair was
shaved and treated with a hair-removal cream. To establish an
AD-induced animal model, 2,4-dinitrochlorobenzene (DNCB)
dissolved in the acetone:olive oil mixture (3:1, 200 pL) was
repeatedly and topically applied to mice dorsal skin for 2
weeks.”® Fig. S21 illustrates the detailed AD induction protocol.
Mice were randomly divided into four groups (5-6 mice each):
AD, CUR, CUR/GA, and Healthy. In the AD group, the mice
were painted with DNCB only. In the CUR and CUR/GA
groups, two CUR-loaded and CUR/GA-loaded MN patches were
applied to the dorsal skin of the mice on Day 0, respectively. In
the Health group, the mice were not subjected to any treat-
ment. In all groups except for the Health group, 0.2% (w/v)
DNCB (200 pL) was painted onto the back skin twice a week
during the treatment period. At specific time points, blood
samples were collected, and the serum was stored at —20 °C
until further analysis.

2.9. Scoring of AD

AD lesion severity was evaluated according to the SCORing AD
(SCORAD) index,*® which is based on erythema, edema/papu-
lation, oozing/crust formation, excoriations, and dryness. Each
item was scored as 0 (no symptoms), 1 (mild symptoms), 2
(moderate symptoms), or 3 (severe symptoms). The dermatitis
score was calculated as the sum of the scores for all five items.

2.10. Histological examination of skin sections

Skins were embedded in the Tissue-Tek optimal cutting temp-
erature compound and sectioned at 10 pm. Tissue sections
were stained with hematoxylin and eosin (H&E) or toluidine
blue (0.01%) to observe epidermal thickness and infiltration of
mast cells, respectively, by light microscopy. Five randomly
selected fields from each mouse were examined to calculate
the mean epidermal thickness from the H&E-stained sections,
and the numbers of mast cells were quantified from the tolui-
dine blue-stained sections.

This journal is © The Royal Society of Chemistry 2023
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2.11. Measurement of serum IgE and histamine levels

Serum IgE and histamine levels were determined using a
mouse IgE enzyme-linked immunosorbent assay (ELISA) kit
(Invitrogen, CA, USA) and a histamine ELISA kit (Abcam,
Cambridge, UK), respectively, according to the manufacturers’
instructions.

2.12. Measurement of Th1- and Th2-type cytokines from skin
tissues

Thi-related (IFN-y) and Th2-related cytokines (IL-4, IL-5, and
IL-13) in proteins extracted from the skin tissue were analyzed
using a Luminex multiplex assay, which was performed using
Milliplex Map mouse cytokine magnetic bead panels (Merck
Millipore, MA, USA). Briefly, 600 pL of lysis solution, which
contains Milliplex Map lysis buffer (Merck Millipore) and pro-
tease inhibitor cocktail (Calbiochem, CA, USA) at a ratio of
1:100 (v/v), was added to the skin tissue sample (100 mg). The
samples were then homogenized and centrifuged at 18 620g
and 4 °C for 15 min. The supernatant was collected and total
protein concentration was determined using Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, MA, USA). The
extracted protein sample was diluted to a final concentration
of 7 pg mL™" by using lysis buffer for analysis. Cytokine con-
centrations were measured using a Luminex 200 instrument
system (Luminex, TX, USA) and normalized to the total protein
content of each sample (pico-gram of cytokine/milligram of
total protein).

2.13. Measurement of ROS from skin tissues

OxiSelect in vitro ROS Assay Kit (Cell Biolabs, CA, USA) was
used to detect ROS levels in mice skin tissues. First, skin
tissue (50 mg) was homogenized on ice with 1 mL of PBS and
centrifuged at 10 000g for 5 min. According to the manufac-
turer’s protocol, the supernatant (50 pL) was added to the well
with a catalyst (50 pL) that helped accelerate the oxidative reac-
tion and incubated at room temperature for 5 min.
Subsequently, dichlorodihydrofluorescin (DCFH) solution
(100 pL) was added to the mixture and incubated at room
temperature for 30 min. The fluorescence was read at 480 nm
excitation and 530 nm emission.

2.14. Statistical analysis

Data are expressed as means + standard deviations and were
analyzed using one-way analysis of variance. P < 0.05 was con-
sidered statistically significant.

3. Results and discussion
3.1. Microneedle characterization

When a MN patch is applied to the skin, the MN puncture
force causes remarkable skin indentation, resulting in a shal-
lower insertion depth and incomplete drug delivery.>** Our
double-layered MN has a supporting structure design that can
offer an extended length to counteract skin indentation,
thereby increasing the insertion depth and reducing drug
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Fig. 3 Optical (a and b) micrographs of the CUR/GA-loaded PLGA/HA MNs with HA supporting structures. A 3D reconstruction confocal image (c)
of the CUR/R6G-loaded PLGA/HA MNs. The green and red fluorescence in (c) indicates the encapsulated CUR and R6G, respectively. The inset

shows the detailed dimensions of the double-layered PLGA/HA MN.

wastage. Fig. 3a and b displays the prepared MN patch com-
posed of CUR/GA-loaded PLGA/HA MNs (height, 600 pm; base
width, 300 pm) and HA supporting structures (inset in Fig. 3).
The patch (10 x 10 mm?) comprised 9 x 9 pyramidal-shaped
needles (Fig. 3b) with a center-to-center spacing of 1000 pm
(Fig. 3a). As presented in Fig. 3a, the length of the CUR-loaded
PLGA tips (bright yellow, dotted triangle) was 355 + 20 pm (n =
5). Because GA is transparent, we used a hydrophilic red fluo-
rescent dye, rhodamine 6G (R6G), to assess GA distribution in
the MN. A 3D reconstruction confocal image of a representa-
tive MN patch (Fig. 3c) indicates that CUR (green) and R6G
(red) were located in the tip and the base layer region of the
MN, respectively, to form a double-layered structure.

3.2. Microneedle insertion ability and skin resealing after
microneedle insertion

To evaluate whether the double-layered PLGA/HA MN has
sufficient mechanical strength for skin insertion, the CUR/
R6G-loaded MN patches were applied to a porcine cadaver or a
mouse skin by using a custom-made applicator. After insertion
for 5 min, the HA supporting structures can be quickly dis-
solved by the skin’s interstitial fluid, thus leaving the drug-
loaded MN within the skin. Both the surfaces of the porcine
cadaver skin (Fig. 4a) and the mouse skin (Fig. 4c) displayed a
complete array of red spots (9 x 9) corresponding to the MN
insertion sites, demonstrating that PLGA/HA MNs can punc-

5000 | Biomater. Sci, 2023, 11, 4995-5011

ture the porcine or mouse skin with an insertion ratio of
100%.

Histological sections of the MN-inserted porcine skins
(Fig. 4b) indicate that the CUR-loaded tips (green, dotted
region) were entirely embedded in the skin at a depth of 559 +
48 um (n = 4). The red fluorescence located above the CUR-
loaded tips (Fig. 4b) represents that R6G was released from the
dissolved HA layer and diffused to the surrounding tissues.
These results indicated that the double-layered PLGA/HA MN
can be successfully inserted into the skin for rapid release of
hydrophilic drugs from the HA base layer and sustained
release of hydrophobic CUR from the implanted PLGA tip.

Monitoring the resealing of micropores formed on the skin
surface after MN insertion provides a preliminary indication of
skin recovery. Fig. 4c presents bright-field micrographs of
mouse skins at different time points after MN application. The
micropores notably shrank at 6 h, and crusts/scabs were formed
within 24 h, which fell off at 48 h after MN treatment. Finally,
no micropores were observed on the skin surface at 48 h after
insertion, indicating their complete resealing. Additionally, the
values of transepidermal water loss returned to baseline values
within 48 h (Fig. S31), which also showed that the skin recovered
its barrier function in 48 h after MN insertion.

3.3. Drug delivery efficiency

To determine the drug delivery efficiency of the PLGA/HA
MNs, we measured the amount of drugs on the patch before

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Photograph of the porcine cadaver skin (a) after insertion of CUR/R6G-loaded PLGA/HA MNs and its corresponding histological section (b).
Photographs of mouse skins at different time points after MN application (c). The green and red fluorescence in (b) indicates the CUR in the PLGA tip

and the R6G released from the HA layer, respectively.

and after insertion into porcine cadaver skin and the amount
that remained on the skin surface. The loading amount of
CUR and GA in the MN patch was 225 + 19 and 117 + 10 pg (n
= 5), respectively. After insertion for 5 min, the percentage of
CUR and GA delivered was 99.1% =+ 0.2% and 67.2% + 4.8% (n
= 5), respectively. A lower delivery efficiency of GA is mainly
because not all GA-containing HA layer can be fully inserted
into the skin. Here, the skin insertion depth of the MN
(approximately 560 pm, Fig. 4b) is shorter than the length of
the drug-loaded MN (approximately 600 pm). Additionally,
during insertion into the skin, the HA layer was dissolved by
the skin’s interstitial fluid to form a viscous gel. When the
patch is removed, the viscous HA gel may carry some of the
delivered GA out of the skin. We found that approximately
26.2% and 6.5% of GA remained on the patch and skin
surface, respectively. Conversely, because the MN insertion
depth is notably longer than the length of the CUR-loaded
PLGA tip (approximately 350 pm), the PLGA tip can enter the
skin completely (Fig. 4b), thus achieving nearly 100% delivery
efficiency.

3.4. Invitro drug release from the double-layered
microneedles

The in vitro GA release from the MNs was studied using a
Franz diffusion cell. Upon insertion of the PLGA/HA MN into a
porcine cadaver skin, the HA layer was quickly dissolved in the
skin, thus triggering GA release from the MN. Fig. 5a indicates
that 26.0% + 5.5% (n = 6) GA penetrated across the skin within

This journal is © The Royal Society of Chemistry 2023

24 h. Subsequently, the dissolved HA may form a viscous gel at
the insertion site. GA gradually released and diffused from the
HA gel and resulted in an extended release of GA for up to 11
days (Fig. 5a).

Fig. 5b shows the in vitro release profile of CUR from the
PLGA/HA MNs. CUR release from the PLGA tip occurred in
three stages:*>** an initial burst (approximately 10% at 24 h),
a slow-release period (2.1 * 0.2 pg day " for up to 42 days, n =
5), and an erosion-accelerated release phase (5.0 + 0.2 ug day™*
from Day 42 to 63, n = 5). The initial burst release may be
attributed to the release of the drug localized near the surface
of the PLGA tip.>* The steady-state release during Days 1-42
indicates no drastic change in the structure of the PLGA tip
(Fig. 5¢). During the slow-release stage, drugs diffused slowly
through the relatively dense PLGA matrix, while polymer
degradation and hydration gradually proceeded. Subsequently,
the cumulative release of CUR increased quickly from 50% to
96% from Day 42 to Day 63 because of PLGA degradation.

To better understand the behavior of the CUR release from
the PLGA tip, the morphological changes of the PLGA tip were
characterized using scanning electron microscopy at pre-
determined times (Fig. 5c). After being immersed in aqueous
medium for 21 days, the samples still maintained their intact
pyramidal shape but became swollen compared with Day 0,
probably due to water absorption or hydration of the polymer.
The polymer degraded slowly during the slow-release period.

On Day 42, the sample size became smaller than that
observed on Day 21, and pores were observed on the sample

Biomater. Sci, 2023, 11, 4995-50T1 | 5001
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Fig. 5 In vitro release profiles of GA (a) and CUR (b) from the MNs. SEM images (c) of the morphologies of the representative PLGA tips after immer-

sion in PBS for various times.

surface, indicating accelerated matrix erosion. These pores
were subsequently destroyed with further PLGA degradation
and CUR release.*® The remaining samples collapsed and
became irregular clumps on Day 63 and Day 84 (Fig. 5c). This
may explain the rapid release of CUR after Day 42. The cumu-

5002 | Biomater. Sci, 2023, 11, 4995-5011

lative release of CUR from PLGA tips finally reached up to
99.0% + 3.1% (n = 5) at the end of the experiment. These
results revealed that the PLGA tip can provide sustained
release of hydrophobic polyphenols to the skin for at least
2 months.

This journal is © The Royal Society of Chemistry 2023
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3.5. Drug retention in the mouse skin

To evaluate drug distribution and retention in the skin tissue,
the CUR/R6G-loaded microneedles were inserted into the
dorsal skin of Nc/Nga mice, and the fluorescence of the drugs
in the skin was recorded using confocal laser scanning
microscopy at specific time points. Fig. 6 displays 2D and 3D
reconstruction images of the MN-treated skin.

On Day 0, we observed that the CUR-loaded PLGA tips (green)
were located at a depth of approximately 400-500 pum, which is
equivalent to the dermal layer. The red fluorescence of R6G sur-
rounded the green one of the implanted tips, indicating that it
was released from the dissolved HA layer and quickly diffused to
the adjacent tissue. The red fluorescence signals gradually attenu-
ated and were not detectable on Day 9, implying that the hydro-
philic drug can be retained in the applied skin for at least 8 days.
By contrast, the green fluorescence signals were relatively concen-
trated at the puncture site, suggesting that the majority of the
drugs were still encapsulated in the PLGA tip after 9 days of
release. These results are generally consistent with the obser-
vations obtained from in vitro drug release (Fig. 5).

3.6. Alleviation of DNCB-induced AD-like skin symptoms in
Nc/Nga mice

To evaluate the feasibility of using the polyphenol-loaded MN
for ameliorating AD-like skin lesions, Nc/Nga mice were
divided into four groups: health (no DNCB exposure), AD

This journal is © The Royal Society of Chemistry 2023

(repeated application of DNCB without treatment), CUR MN
(CUR-loaded MN treatment), and CUR/GA MN (CUR/GA-
loaded MN treatment). To provoke remarkable and stable AD-
like lesions in Nc/Nga mice, DNCB was repeatedly and
topically applied to the dorsal skin of mice before and during
the treatment period (Fig. 7a). The efficacy of the treatment
with the proposed MN was evaluated by determining the der-
matitis sore (Fig. 7b and c) from the photographic image of
dorsal skin lesions (Fig. 7d). After DNCB induction for 2 weeks
(Day 0), the mean dermatitis score for all the DNCB-exposed
mice increased to approximately 4.5.

The AD group exhibited more prominent erythema, edema,
crusts, excoriations, and dryness (Fig. 7d) and increased the
dermatitis score from 4.6 + 0.7 on Day 0 to 7.2 + 0.7 on Day 56
(Fig. 7b, p < 0.001). Compared with the AD group, the dermati-
tis scores were significantly lower in the CUR MN (3.0 = 0.6, p
< 0.001) and CUR/GA MN (1.6 + 0.5, p < 0.001) groups on Day
56 (Fig. 7b). These results implied that using the proposed
PLGA/HA MNs for transdermal delivery of polyphenols effec-
tively ameliorate AD-like skin lesions in mice.

CUR/GA MN-treated mice had a lower dermatitis score than
CUR MN-treated mice from Day 2 until the end of the study
(Fig. 7¢), implying that the CUR/GA MN patch was quicker and
more effective in controlling AD severity. The quick relief of
AD symptoms may be attributed to the initial release of both
drugs from the CUR/GA MNs. After the GA was completely
released (approximately 11 days, Fig. 5a), the sustained release

Biomater. Sci, 2023, 11, 4995-50T1 | 5003
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compared with the CUR MN group.

of CUR from the embedded PLGA tips (Fig. 5b) maintained the
improvement in symptoms up to 8 weeks (Fig. 7b). Our find-
ings demonstrated that codelivery of CUR and GA using the
double-layered MN not only has a synergistic effect on redu-
cing inflammatory skin lesions but may also serve as a fast-
acting and long-lasting treatment option for patients with AD.

5004 | Biomater. Sci, 2023, 11, 4995-50T1

3.7. Suppression of epidermal thickening and mast cell
infiltration

Epidermal hyperplasia and infiltration of lymphocytes and

mast cells in skin lesions are typical features of the inflamed
skin tissue.*® To investigate the effects of MN treatment on the
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amelioration of tissue inflammation, skin tissue sections
were stained with H&E or toluidine blue to determine epider-
mal thickness (Fig. 8a) or calculate infiltrated mast cells
(Fig. 8c), respectively. The AD group displayed marked epi-
dermal thickening (134 + 23 pm, dotted lines in Fig. 8b) and
increased mast cells (75 + 17 cells per field, arrowheads in
Fig. 8d) in the dermis. However, both epidermal thickening
and mast cell count were significantly suppressed in the

This journal is © The Royal Society of Chemistry 2023

Health

CUR/GAMN

CUR MN (51 + 3 pm and 44 + 7 cells per field, respectively,
both p < 0.01) or CUR/GA MN groups (32 + 6 pm and 19 + 3
cells per field, respectively, both p < 0.001), implying that
MN treatment significantly inhibited DNCB-induced epider-
mal hypertrophy and accumulation of immune cells (Fig. 8).
Furthermore, codelivery of CUR and GA using the PLGA/HA
MNs exhibited a superior anti-inflammatory effect than the
CUR-only MN patch.
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3.8. Downregulation of serum IgE and histamine levels

High serum IgE and elevated plasma histamine levels were
commonly observed in patients with AD.*” To evaluate
whether the proposed MN has a regulator effect on allergic
responses, we measured serum IgE and histamine levels in
Nc/Nga mice after MN treatment. In the AD group, IgE levels
gradually increased with time, reaching almost 1550 pg mL ™"
on Day 56, whereas those in the CUR and CUR/GA MN
groups were significantly lower (648 + 74 and 231 + 104 pg
mL~", respectively, p < 0.001; Fig. 9a). Similarly, the CUR and
CUR/GA MN groups had significantly lower plasma hista-
mine levels (51.9 + 8.6 and 28.8 + 10.6 ng mL™", respectively)
than the AD group (74.5 + 12.6 ng mL™'; p < 0.05; Fig. 9b).
Notably, the CUR/GA MN group exhibited significantly lower
serum IgE levels (p < 0.001; Fig. 9a) and histamine release
(p < 0.01; Fig. 9b) than the CUR MN group. These results
collectively indicate that the administration of polyphenol-
loaded PLGA/HA MNs effectively inhibited IgE production
and histamine release in DNCB-sensitized Nc/Nga mice;
codelivery of CUR and GA exhibited a superior anti-allergic
effect compared with CUR alone.

This journal is © The Royal Society of Chemistry 2023

3.9. Suppression of Th1- and Th2-type cytokine secretion

AD is a complex disease involving both chronic and acute
phases. Clinically, acute and chronic lesions are often
observed in the same patient and often overlap.***° Generally,
the acute AD stage is highly associated with oversecretion of
Th2 cytokines, such as IL-4, IL-5, and IL-13, whereas the
chronic stage displays high IFN-y level, a representative Th1
cytokine.”® After repeated DNCB induction, both Thi- and
Th2-type cytokines were significantly elevated in the AD group
compared with the healthy mice (p < 0.01, Fig. 10) on Day 56,
displaying a mixed Th1/Th2-type dermatitis.*"*> However, all
the four cytokines were significantly inhibited in the CUR or
CUR/GA MN groups (p < 0.05). These results demonstrate that
the proposed MNs can regulate immune responses and down-
regulate the production of Thl and Th2 cytokines at local
inflammation sites, thus alleviating AD symptoms.

3.10. Reduction of ROS levels in skin lesions

Excess ROS production results in oxidative stress, which can
trigger the inflammatory cascade and induce chronic inflam-
matory diseases. To investigate whether the polyphenol-loaded

Biomater. Sci, 2023, 11, 4995-50T1 | 5007
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MNs enabled protection of the skin against oxidative stress,
ROS concentrations in skin tissues were measured using the
ROS assay kit based on an oxidation-sensitive fluorescent
dye, DCFH. ROS species can react with DCFH, which can be
rapidly oxidized to 2',7'-dichlorodihydrofluorescein (DCF)
with high fluorescence. The fluorescence intensity of DCF is
proportional to the amount of ROS within the tissue. Fig. 11
shows that the ROS level in cutaneous tissue was signifi-
cantly increased in the AD group compared with that in the
Health group (p < 0.01). This reveals that oxidative stress was
elevated in DNCB-treated mice with AD-like lesions.
Nonetheless, MN groups considerably reduced the oxidative
stress (p < 0.05) after treatment for 56 days. Moreover, the
CUR/GA MN group exhibited a significantly lower ROS level
than the CUR group (p < 0.05). These results demonstrated
that the antioxidant activity of the polyphenol-loaded MN
system and MN delivery of CUR and GA can effectively sca-
venge ROS and prevent oxidative damage, thus alleviating the
clinical manifestations of AD.

Maintaining the stability of polyphenols in the MN is very
important to guarantee its antioxidant and anti-inflammatory
abilities. To evaluate the stability of polyphenols in the PLGA/
HA MN patch, we measured the antioxidant activity of GA and
CUR in the MNs before (i.e. the fresh group) and after storage
at 25 °C for 4 weeks using a commonly used antioxidant assay,
namely a 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical cation (ABTS™) decolorization assay.”> We
found that both GA and CUR can retain approximately 97%
(radical-scavenging activity: 87 + 3% for fresh and 84 + 3%
after 4-week storage) and 96% (radical-scavenging activity: 73 +
2% for fresh and 70 + 2% after 4-week storage) of their initial
activity, respectively (Fig. S4t). No significant reduction in anti-
oxidant activity of encapsulated polyphenols was observed (p >
0.05, n = 5). These results demonstrated that GA and CUR can
maintain their stability in the proposed MNs at least for 4
weeks.

This journal is © The Royal Society of Chemistry 2023
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As a chronic inflammatory disease, AD often requires long-
term treatment; however, long-term use of corticosteroids and
other immunosuppressive agents is not recommended
because of the risk of side effects and toxicities.** This study is
the first to propose a MN formulation that enables sustained
delivery of polyphenols into the skin for 2 months (Fig. 5) and
to demonstrate that the CUR/GA-loaded MN significantly
improved AD symptoms (Fig. 7) and attenuated skin inflam-
mation (Fig. 8) in mice. Notably, this improvement was sus-
tained for at least 56 days through a single MN administration.

No significant differences were observed in body weight
between the two MN-treated groups and the Health group (p >
0.05, Fig. S5 in ESIt), and no obvious abnormality was noted
in any mouse during the 8-week treatment period, indicating a
lack of serious side effects or remarkable toxicity with the
drug-loaded MN patches. Notably, compared with traditional
topical formulations, the PLGA/HA MN may greatly reduce the
dosage needed and dosing frequency because the developed
MN can release active ingredients directly within the skin in a
sustained manner. Therefore, we believe that the CUR/GA-
loaded PLGA/HA MN patch could be a feasible, safe, and
effective option for long-term management of AD.

4. Conclusion

This study demonstrated that the use of the double-layered
PLGA/HA microneedle patch for codelivery of CUR and GA
effectively ameliorated AD-like symptoms and combated
DNCB-induced oxidative stress in mice, as evidenced by a
lower clinical score, less immune cell infiltration, decreased
IFN-y and Th2 cytokine production, and reduced ROS levels in
skin lesions. Significant symptom improvement was observed
on Day 2 of treatment and was maintained without worsening
for at least 2 months after a single administration of MN.
These results suggest that the double-layered MN can serve as
a rapid and long-acting formulation of polyphenols and as a
superior treatment for AD.
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